Abstract-A new approach to compensate the strong hysteresis nonlinearity in piezoelectric materials is proposed. Based on the inverse multiplicative scheme, the approach avoids models inversion as employed in existing works. The compensator is therefore simple to implement and does not require additional computation as soon as the direct model is available. The proposed compensation technique is valuable for hysteresis that are modeled with the Bouc-Wen set of equations.
I. INTRODUCTION
Piezoelectric materials, especially PZT ceramics (Lead Zirconate Titanate), are very prised in the development of micro/nanoactuators. This is due to the high resolution, the high bandwidth, the low cost, and the simple treatment that piezoceramics offer. Unfortunately, piezoceramics exhibit strong hysteresis nonlinearity that undeniably compromises the final accuracy of the actuators and that may lead to unwanted harmonics.
Feedback control techniques seem to be the best way to reach overall substantial performances (accuracy, repeatability, disturbances and vibration rejection, uncertainty effect rejection, etc.) [1] , [2] . However, feedback for small systems like micro/nanoactuators is strongly limited by the difficulty to integrate the sensor: high bandwidth and enough accurate sensors are bulky, difficult to fabricate and very expensive (interferometers, triangulation optical sensors, camera-microscopes measurement systems, etc.) [3] . Therefore, open-loop control techniques-also called feedforward-have been used as an alternative. Although feedforward control cannot reject the disturbance effects, this approach is well suited for micro/nanopositioning because the objects to be positioned have negligible masses and then the effect of the load is insignificant. Feedforward consists in putting in cascade with the process a compensator resulting in an overall linearized system. Two kinds of compensator exist for piezoelectric actuators: compensator with charge control, and compensator with voltage control. Charge control-based compensator [4] - [6] is based on an electrical circuit (charge integrator) that provides the input control (charge) to the piezoelectric actuator. Voltage control-based compensator consists to accurately model the hysteresis and to put in cascade with the process the corresponding inverse model. Relative to charge control, voltage control does not require an additional electrical circuit and is of interest in a control theory (synthesis and analysis) point-of-view. For piezoelectric actuators, there exist two approaches of modeling and control used in voltage control: the Preisach [7] - [9] and the Prandtl-Ishlinskii approaches [3] , [10] - [12] . In both, a complex hysteresis is modeled by the sum of many elementary hysteresis called hysterons. The compensator, i.e., the hysteresis inverse model, is afterwards computed using the identified model. On the one hand, the two approaches can be very accurate subject to the use of a high number of elementary hysteresis. However, the compensator complexity and implementation are compromised. On the other hand, a low number of elementary hysteresis compromises the accuracy. Finally, the additional computation of the inverse model is an additional constraint for these approaches.
In this paper, we propose a new approach to compensate the hysteresis of piezoelectric actuators. Based on the multiplicative-inverse structure, the proposed compensator scheme is adapted to hysteresis that is expressed by the Bouc-Wen model. The advantage is that no more computation is required for the compensator. In fact, the same direct model is used in the compensator. Furthermore, as the Bouc-Wen model is based on a set of equations, the approach is very adapted in a control theory point-of-view. Therefore, the proposed approach presents an interest in term of simplicity of computation and implementation.
Section II is dedicated to the Bouc-Wen model of hysteresis in piezoelectric actuators. In Section III, we present the proposed compensation technique. Finally, experimental results and validation end this paper.
II. BOUC-WEN HYSTERESIS MODELING

A. Remind of the Bouc-Wen Model
The Bouc model of hysteresis [13] 
where A bw controls the restoring force amplitude, B bw and 0 bw control the shape of the hysteresis loop and n controls the smoothness of the transition from elastic to plastic response. Because of the elasticity of several piezoelectric actuators and especially cantilevered structure actuators, it is admitted that n = 1 [15] .ReplacingthemechanicalinputF in (1) with the applied electrical voltage U, the static Bouc-Wen model adapted to piezoelectric actuators is described as follows [16] :
where y is the displacement output and U is the input control. Parameter d p represents the piezoelectric coefficient and is strictly positive.
Many works reported on the identification procedure of these coefficients, examples in [15] and [17] .
B. Reduced Expression of the Model
If we write h = H(U), where H(U) is a nonlinear operator characterized by the second equation of (2), the expression of the Bouc-Wen model is reduced as follows:
(3) The previous reduced expression will be used for the compensator design in the next section. We remind that the Bouc-Wen model is simple for implementation in an automatic point-of-view. Actually, this model can be easily transcribed into a block diagram ready-made for a Simulink implementation (Fig. 1) .
III. A NEW APPROACH TO COMPENSATE THE HYSTERESIS
A hysteresis compensator has the reference y r as input and the control signal U as output [ Fig. 2(a) ]. The compensator can be seen as an inverse operation of the direct model, the objective being to have y = y r . In existing works, the computation of the compensator is an additional work because its parameters have to be likewise computed. In our approach, this additional work is avoided.
Consider the direct model in (3), and let us extract the value of U that meets the reference yr, by only using the linear term dpU. We obtain U = 1 dp (y r + H(U)) :
This expression will be used as the compensator which has an input y r , an output U, and a nonlinear feedback H(U). As we can see, the compensator does not require any inversion except for the real d p which is strictly positive. Furthermore, no additional computation is required because d p and H(U) are already known during the modeling and identification. Finally, the compensator is simple in an implementation point-of-view because so is the Bouc-Wen model. The (reduced) block diagram of the compensator given by (4) is pictured in Fig. 2(b) . It shows that the compensator has an inverse multiplicative structure. The above Bouc-Wen model is static, so the proposed approach is used to compensate static hysteresis. To consider a dynamic hysteresis, the static one can be combined with a linear dynamic model such as recommended in [2] , [3] , and [8] .
IV. EXPERIMENTAL RESULTS
The piezoelectric actuator used in this study is a unimorph cantilever with rectangular cross-section. Such an actuator is often used to develop microgrippers, walker microrobots, etc. [18] . A unimorph cantilever is made up of one piezoelectric layer (PZT) and one passive layer (Nickel). When applying a voltage to the piezolayer, it expands/contracts. As the piezolayer and the passive layer are glued themselves, they result a bending of the unimorph cantilever [ Fig. 3(a) ]. The setup, presented in Fig. 3(b) , is based on the following:
• a unimorph with total sizes 15 mm 2 2 mm 2 0:3 mm, where 0.2 and 0.1 mm are the thickness of the PZT and of the Nickel, respectively; • a computer and a dSPACE-board for generating the control signal U and the reference yr;
• a high-voltage amplifier;
• and an optical sensor used to report the bending y of the actuator.
A. Identification
In this section, we identify the parameters of the Bouc-Wen model [ (2)]. First by using a nonlinear filter system identification method [15] , we provide approximated values of A bw , B bw , and 0 bw . Afterwards, the identified parameters are validated by comparing the hysteresis curves of the model and of the actuator. During this step, the parameters can be manually refined if required. The hysteresis curves are obtained by applying a sine signal U with a maximal amplitude of 80 [V] to the actuator (resp. to the model) and by plotting the output versus this input. The maximal voltage amplitude corresponds to the maximal range of use. As the model is static, the frequency is chosen to be low in order to avoid the phase lag corresponding to the dynamics, and not too low to avoid the influence of the creep on the hysteresis curve [3] . A preliminary characterization of the used piezoelectric actuator shows that the effect of the creep on the hysteresis curve can be seen with a frequency lower than 0.01 Hz, while the phase-lag due to the dynamics with a frequency higher than 5 Hz. Therefore, we choose 0.1 Hz for the parameters identification and model validation. We obtain: dp = 1: When plotting the characteristic (U; y), we obtain Fig. 4 . It shows that the model simulation curve coincide with that of the experimental result. Therefore, the identified model well captures the hysteresis of the actuator. 
B. Hysteresis Compensation
Using the identified model, the structure of the compensator as in compared with that of without compensator. It is shown that the initial hysteresis of nearly 56% (without compensator) has been completely removed when using the proposed compensator [ Fig. 5(a) ] and the gain of the linearized overall system is equal to one. Fig. 5(b) pictures the tracking performances. It shows that when using the hysteresis compensator, the output well tracks the input, while without compensator the tracking is lost. Indeed, the phase-lag between the output and the input is nearly 3 with compensator, while it was 16 without. Because the considered hysteresis modeling and compensation is static, the tracking performances are valuable for frequency between 0.01 and 5 Hz as already explained above.
V. CONCLUSION
We present a new approach to compensate the hysteresis nonlinearity in smart materials, especially piezoelectric, based actuators. The proposed approach is based on the Bouc-Wen modeling and the inverse multiplicative structure. Its main advantage relative to existing approaches is the simplicity of computation and implementation. Indeed, while no operator or model inversion is required, the compensator is available as soon as the direct model is identified. No additional computation is therefore required. The proposed approach is very useful for the accuracy improvement in actuators based on smart material, and where a simple compensator is demanded.
Abstract-In this paper, we present a new sketch-based systemKnitSketch, to improve the efficiency of process planning for knitting garments at an early design stage. The KnitSketch system utilizes sketching interface with the pen-paper metaphor and users only need to draw outlines of different parts of the garment. Based on sketching understanding, the system automatically makes reasonable geometric inferences about the process-planning data of the garment. The system is designed for nonprofessional users and can design diverse garment styles by freehand drawings. The contributions of this work include contextual extraction of reusable data from sketches, a MDG structure for sketch beautification, and an integrated system with natural expression and effective communication that reduces the cognitive load of human beings. User experience shows that the proposed system helps designers focus on the task instead of the designing tools, and thus improves the efficiency and productivity of human beings. 
Note to Practitioners-The
I. INTRODUCTION
K NITTING garments, including sweaters, T-shirts, polo shirts, tank tops, children and baby suits, is popular around the world. To facilitate design and manufacturing of knitting garment, 2D/3D CAD systems have been widely used in garment factory, among them some popular commercial systems [11] are SolidWorks and Gerber in the U.S., Toray-Acs and LookStailor in Japan, Investronica in Spain, and Lectra in France. These state-of-the-art CAD systems in the garment industry mainly support detail design with precise geometry information. However, they lack the capacity to support conceptual design due to the imprecise and incomplete information used at this early stage. Conceptual design is important since it enables designers to identify various design solutions before the product goes through the lifecycle process. A rapid garment modeler with reusable knowledge that supports conceptual design is in great demand in industry.
